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ABSTRACT
We investigate the prospects of blind and targeted searches in the radio do-
main (10 MHz to 1 THz) for high-n hydrogen recombination lines from the first
generation of galaxies, at z <∼ 10. The expected optically thin spontaneous α-
line luminosities are calculated as a function of the absolute AB magnitude of
a galaxy at 1500A˚. For a blind search, semi-empirical luminosity functions are
used to calculate the number of galaxies whose expected flux densities exceed an
assumed detectability threshold. Plots of the minimum sky area, within which
at least one detectable galaxy is expected at a given observing frequency, in the
fiducial instantaneous passband of 104 km s−1, allow to assess the blind search
time necessary for detection by a given facility. We show that the chances for de-
tection are the highest in the mm and submm domains, but finding spontaneous
emission in a blind search, especially from redshifts z  1, is a challenge even
with powerful facilities, such as ALMA and SKA. The probability of success is
higher for a targeted search of lines with principal quantum number n ∼ 10 in
Lyman-break galaxies amplified by gravitational lensing. Detection of more than
one hydrogen line in such a galaxy will allow for line identification and a precise
determination of the galaxy’s redshift.
Subject headings: galaxies: formation—HII regions—masers
– 3 –
1. INTRODUCTION
Detection of spectral lines from the first generation of galaxies responsible for the
re-ionization of the Universe is one of the primary goals of observational cosmology
(Loeb & Furlanetto 2012). Most of the galaxies currently known at redhifts z=8-10 were
detected photometrically (Bouwens et al. 2011; Finkelstein et al. 2012), and have significant
uncertainties in their redshift identification. More accurate determination of the redshift
by spectroscopic identification would allow for probing the evolution of cosmological
structure on small scales at early cosmic times and it would shed light on the sources for
the reionization of hydrogen. Detection of Lyman-α and other low-n Rydberg lines of
hydrogen is challenging and was proven practical so far mainly at z < 7 (Ouchi et al. 2010).
Complementary information can be obtained from 21-cm surveys (Pritchard & Loeb 2012).
Here we investigate the possibility of detecting high-n hydrogen recombination lines
from the large H+ regions expected around the hot, massive stars in the first generation of
galaxies. Extragalactic hydrogen recombination radio lines in cm and mm domains have
been detected in more than a dozen of starburst and Seifert galaxies [see chapter 3.5 in
Gordon & Sorochenko (2002) for a review]. The farthest galaxy with positive detections of
radio recombination lines is Arp 220, at z = 0.018, with flux densities up to ∼ 100 mJy
in mm lines (Anantharamaiah et al. 2000). The typical width of the emission features in
extragalactic radio recombination line spectra is ∼ 100 km s−1. These results were explained
by spontaneous or amplified (maser) radiation from a multitude of H+ regions of various
sizes, from ∼ 0.1 pc to a few pc.
Although the sensitivity of radio telescopes and interferometers is growing rapidly,
and µJy and even nJy thresholds of detectability are being discussed for the new and
upcoming facilities, the jump from z ∼ 0.02 to z ∼ 10, corresponding to an increase of
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luminosity distance by three orders of magnitude (from ∼ 102 to ∼ 105 Mpc) is challenging.
In § 2 we describe our method of calculation. We derive a simple analytical expression
relating the expected flux densities in Hnα lines, spontaneously emitted from an optically
thin medium, with the galaxy’s absolute AB magnitude at 1500A˚. Using the parameters
of the monochromatic 1500A˚ luminosity functions derived by Tacchella et al. (2013) for a
discrete set of redshifts in the range z ≤ 10, we develop empirical equations providing the
Schechter parameters for any z in this range. In § 3, we present and discuss the results of
the calculations. Using the numerical code described in § 2, we find the number of galaxies
whose flux density in at least one Hnα line surpasses a given threshold of detectability at
a given observing frequency, within a fiducial instantaneous passband. This allows us to
consider the prospects of a blind search for these lines (§ 3.1). In § 3.2, we show that, at
present, the highest probability of detecting hydrogen recombination lines from galaxies
with z >∼ 6 − 7 is for Lyman-break galaxies amplified by gravitaional lensing. In § 3.3 we
briefly consider several effects that may influence our estimates of the flux densities and
show that probably none of them can change our predictions by more than an order of
magnitude. Our conclusions are summarized in § 4.
2. METHOD OF CALCULATION
Our goal is to estimate the expected flux densities in high-n hydrogen recombination
lines from remote galaxies in the radio domain (from 10 MHz to 1 THz), in order to see
whether a blind or targeted search for such lines is practical with existing or forthcoming
facilities. Specifically, for a blind search, we want to determine the minimum sky area,
Ω∆ν(ν0), within which one can expect to find at least one galaxy satisfying the following
three conditions: (1) its redshift z ≤ 10; (2) its spontaneous, optically thin radiation
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in at least one hydrogen recombination line falls within a given instantaneous passband
∆ν0 around the chosen observing frequency ν0; and (3) the expected flux density of this
radiation exceeds a certain threshold, fth. We limit ourselves to the strongest, Hnα, lines,
i.e. the lines due to (n+ 1)→ n transitions, where n is the principal quantum number.
The redshift at which the line has to be emitted in order for it to be red-shifted to the
observed frequency ν0 is:
ze (ν0, n) =
ν − ν0
ν0
=
cRH
ν0
[ 1
n2
− 1
(n+ 1)2
]
− 1 , (1)
where ν is the rest frequency of the transition and RH = 1.0968× 105 cm−1 is the Rydberg
number for hydrogen. Differentiating equation (1) gives:
dze = −ν dν0
ν20
. (2)
Integration over the passband,
∆ν0 = ν0
∆v0
c
, (3)
gives the redshift interval corresponding to the width of the passband:
|∆ze| = ν
∣∣∣ 1
ν0 + 0.5∆ν0
− 1
ν0 − 0.5∆ν0
∣∣∣ = ν ( ∆ν0
ν20 − 0.25 ∆ν20
)
≈ ν
ν0
∆ν0
ν0
= (ze+1)
∆v0
c
, (4)
where ∆v0 is the passband in velocity units, and the last two equalities are asymptotically
correct for ∆ν0  ν0.
All our calculations were made with the fiducial value of ∆v0 = 10
4 km s−1
(∆ν0/ν0 = 0.033), for five values of fth: 0, 0.1, 1, 10, and 100 µJy. Setting the value of
fth, we have the code loop over the grid values of ν0. For each grid value, the code loops
over a range of principal quantum numbers (5 ≤ n ≤ 1000) to find for each Hnα line the
values of ze(ν0, n) and |∆ze| (ze), from equations (1) and (4), respectively. Then the code
loops over a grid of the absolute AB magnitudes of the galaxies at 1500A˚, MAB(1500),
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to find the number of galaxies, within |∆ze|, that produce at least one detectable Hnα
line each. The total number of detectable galaxies, Ndet(ν0), determines the minimum
search area Ω4(ν0) = 4pi/Ndet(ν0). The index “4” indicates that calculations were done for
∆v0 = 10
4 km s−1.
The relation between MAB(1500) of a galaxy and the expected flux density at the
center of the Hnα line from this galaxy, fHnα, is found as follows.
The line flux density is:
fHnα = N˙Hnα
hνHnα
δνHnα
(z + 1)
4pid2L
= HnαV
hc
δv
(z + 1)
4pid2L
, (5)
where N˙Hnα is the total rate of production of Hnα photons in the galaxy; (Hnα) is the
photon emissivity (cm−3 s−1), V is the volume of the emitting gas; νHnα is the rest-frame
frequency of the line; δνHnα and δv are the widths of the line in frequency and velocity
units, respectively (the latter being the same for all the lines), dL is the luminosity distance
to the source, and the factor (z + 1) accounts for the shrinkage of the observed frequency
band as compared with the emitted frequency band. For a flat Universe (1−Ωm−ΩΛ = 0),
the luminosity distance is
dL =
c
H0
(z + 1)
∫ z
0
dz′
[Ωm (z′ + 1)3 + ΩΛ]1/2
, (6)
where H0 is the Hubble constant, and Ωm and ΩΛ are the total matter density and the
dark energy density (in the units of critical density), respectively. The luminosity distance
was calculated by numerical integration, adopting the WMAP 9 ΛCMD cosmological
parameters: H0 = 70 km s
−1, Ωm = 0.28 and ΩΛ = 0.72 (Hinshaw et al. 2012).
According to numerous calculations of hydrogen level populations in H+ regions (e.g.
Storey & Hummer (1995)), the ratio of Hnα to the total recombination rate, αrN
2
e , is
practically a constant for a broad range of electron densities. Using Hummer & Storey’s
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results for Menzel’s Case B (for which the total coefficient of photorecombination to the
levels n ≥ 2, αr ≈ 4× 10−13 cm3 s−1), we derived the following empirical equation:
Hnα ≈ 3.25n−2.72αrN2e . (7)
This equation is based on the results for α-transitions within the interval n = 3 to 29, where
it seems to be accurate within a few percent for any value of Ne. With our goal of only
rough estimates of expected fluxes, we used this equation for all the higher values of n, up
to n = 1000.
The condition of ionization equilibrium requires
αrN
2
e V ≈ N˙912 (1− f 912esc ) , (8)
where N˙912 is the rate of production of ionizing photons in the galaxy and f
912
esc is the escape
fraction of these photons. The connection between N˙912 and the luminosity of the galaxy at
λ1500 A˚ can be obtained in two steps. First, the λ1500A˚ luminosity is related to the star
formation rate (SFR) through (Mun˜oz & Loeb 2011):
SFR
M yr−1
≈ L1500
2 · 1028 erg s−1 Hz−1 . (9)
Second, with some assumptions about the initial mass function and the metallicity of
the stars, one can obtain a relation between the SFR and the production rate of ionizing
photons. Based on Table 4 from Schaerer (2003), we can adopt for the first-generation
low-metallicity stars:
N˙912
1054 photon s−1
≈ SFR
M yr−1
. (10)
The last two equations are combined to yield
N˙912
photon s−1
≈ 5× 1025 L1500
erg s−1 Hz−1
. (11)
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From the standard definition of the absolute magnitude, M(ν), and the definition of the
observed monochromatic AB magnitude, mAB(ν),
log10fν =
−mAB(ν)− 48.6
2.5
, (12)
where fν (erg cm
2 s−1 Hz−1) is the observed flux density, one gets the relation between the
absolute AB magnitude of the source and its monochromatic luminosity:
Lν = 4pi (3.086× 1019)2 fν [MAB(ν)] = 4.346× 1020 × 10−0.4MAB(ν) erg s−1 Hz−1 . (13)
From equations (5), (7), (8), (11), and (13), we finally get:
fHnα ≈ 1.2× 10−7 n−2.72 10−0.4M1500AB (z + 1)
(
dL
105 Mpc
)−2 (
δv
100 km s−1
)−1
(1− f 912esc ) (µJy).
(14)
The comoving number density of galaxies as a function of z and MAB is found from the
Schechter luminosity function (we drop the subindex AB):
φ(M, z) (Mpc−3 mag−1) = (0.4 ln10)φ∗(z) {100.4[M∗(z)−M ]}1+α(z) exp {−100.4[M∗(z)−M ]} .
(15)
The values of the parameters φ∗(z), M∗(z), and α(z) are calculated using the empirical
equations based on the values of these parameters for 10 discrete values of z (0.3, 1, 2,..., 8,
10) in the UV luminosity model of galaxies by Tacchella et al. (2013), which is in a good
agreement with the observed statistics of galactic luminosities. The empirical equations
were determined separately for 0 ≤ z < 5 and 5 ≤ z ≤ 10:
φ∗−3 ≈ −0.08251 z5 + 1.2092 z4−6.5396 z3 + 15.892 z2−16.880 z+ 8.0006 (0 ≤ z < 5) , (16)
φ∗−3 ≈ 14.316 e−0.418 z (5 ≤ z ≤ 10) ; (17)
M∗ ≈ −0.711 ln z − 19.842 (0 ≤ z < 5) , (18)
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M∗ ≈ 1.1683 ln z − 22.501 (5 ≤ z ≤ 10) ; (19)
α ≈ −0.155 ln z − 1.5239 (0 ≤ z < 5) , (20)
α ≈ −0.595 ln z − 0.7358 (5 ≤ z ≤ 10) . (21)
Note that the first two equations give φ∗−3 in the units of 10
−3 Mpc−3 mag−1; the parameter
φ∗ entering equation (15) is obtained from φ∗−3 by dividing by 10
3.
3. RESULTS AND DISCUSSION
3.1. Blind Search
From equation (14), for the most luminous galaxies (M1500AB ∼ −22) at z ∼ 10
(dL ∼ 105 Mpc), assuming f 912esc = 0, the expected flux densities in the n ∼ 10 lines are
∼ 1 µJy, and for such galaxies at z <∼ 1 (dL ∼ 103 Mpc) the fluxes in the n ∼ 10 lines
are ∼ 102 µJy. Modern radio astronomy is at the threshold of mastering the µJy level.
However, the galaxies of M1500AB ∼ −22 must be very rare, especially at redshifts >∼10. To
assess the prospect of detecting any galaxies in a blind search via their high-n hydrogen
recombination lines we used the approach described in § 2. We assumed that the width of
all the lines is ∆v = 100 km s−1 and that f 912esc = 0.
The results of the calculations are presented in Figures 1 and 2. Figure 1 shows
the dependence of Ω4 on the observing frequency. The “No threshold” curve shows the
total number of the star-forming galaxies that have any lines in the range of n we consider
(5 ≤ n ≤ 1000), which would fall in the passband ∆ν0 = 0.033ν0 around an observing
frequency ν0. The increase of the minimum search area with increasing detection threshold
is understandable. The shape of individual curves, corresponding to various values of the
detection threshold, can be explained by the combined effects of the dependence of fHnα on
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Fig. 1.— The minimum sky area within which at least one detectable galaxy is expected from
a redshift z ≤ 10, as a function of the observing frequency and the threshold of detection.
-2
 0
 2
 4
 6
 8
 0  1  2  3  4  5  6  7  8  9
lo
g 1
0 
[Ω
4 
(ar
cm
in2
)]
zlb
Observing frequency:
30 GHz
100 GHz
300 GHz
1000 GHz
Fig. 2.— The minimum sky area within which at least one detectable galaxy is expected
from the redshift range between the lower boundary z = zlb and z = 10, as a function of zlb
and ν0, for the detection threshold of 1 µJy.
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n; the dependence of the luminosity function on the redshift; the decreasing interval between
the adjacent lines with the increasing n; and the limited range of the lines included in the
calculations. For all the considered non-zero detection thresholds, the minimum search area
decreases with increasing frequency, up to the highest radio frequency considered here,
ν0 ≈ 1 THz.
As illustrative examples, we consider the prospects of a blind search with ALMA, SKA
and LOFAR.
When fully operational, ALMA will be capable of observing from 84 to 950 GHz.
Let us consider, for instance, a search at 100 GHz (ALMA’s band 3). According to the
ALMA sensitivity calculator, observations with a spectral resolution of 100 km s−1 and the
maximum recoverable scale of 8.6 arcsec (the ALMA C32-6 configuration) will provide a
detection threshold of ∼ 2µJy in one hour of integration. From Figure 2, the minimum
search area for this threshold at ν0 = 100 GHz is ≈ 20 arcmin2. This area contains ≈ 1000
elements of 8.6 arcsec scale. Thus, the total search time should be >∼1000 hours.
The prospect of detection is similar for SKA. If a sensitivity of ∼ 104 m2 K−1 is achieved
for the planned highest frequency of 30 GHz, then, with the system’s noise temperature
∼ 10 K, a detection threshold ∼ 10µJy will be achieved in one hour of integration for a
spectral resolution of ∼ 100 km s−1. According to Figure 2, this threshold corresponds to a
minimum search area ∼ 105 arcmin2, which is about three orders of magnitude larger than
the expected instantaneous SKA field of view at this frequency. Thus, again, integration
times >∼1000 hours will be needed for a detection.
According to www.astron.nl/radio-observatory/astronomers/lofar-imaging-capabilities-
sensitivity/sensitivity-lofar-array/sensiti, LOFAR’s sensitivity, calculated for a bandwidth
of 3.66 MHz and 8 hours of integration, is ≈ 4 mJy at the lowest frequency of 30 MHz and
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≈ 1 mJy at the highest frequency of 240 MHz. Recalculating for a 100 km s−1 bandwidth
and 1000 hours of integration (to compare with the cases of ALMA and SKA), gives the
sensitivities of ≈ 7 mJy and ≈ 0.6 mJy, respectively. Addressing Figure 1, we find that, for
both frequencies, the minimum search area is much greater than the whole celestial sphere,
which makes the search unrealistic.
These pessimistic prospects of detecting an optically thin spontaneous emission in
high-n lines from far-away galaxies in a blind search are made worse by the fact that
the number of detectable galaxies drops with redshift. Figure 2 illustrates this fact. It
shows the minimum search area for the detection threshold of 1 µJy as a function of the
redshift interval, which is set by its lower boundary zlb, the upper boundary being fixed at
z = 10. It is seen that the minimum search areas derived from Figure 1 are determined by
low-redshift galaxies. Detecting galaxies at higher redshifts with a good probability requires
larger search areas. This requirement gets stricter with decrease of observing frequency. In
particular, it will make the blind detection of the first generation galaxies at z ∼ 10 with
SKA, even at its highest planned working frequency of 30 GHz, highly challenging, as long
as the radiation is spontaneous and optically thin.
3.2. Photometrically Identified High-z Galaxies
Some of the photometrically identified (Lyman-break) bright galaxies at z > 5 exceed
the 1500A flux densities expected for their estimated redshift and luminosity, because
of gravitational lensing. Detection of hydrogen recombination lines from such galaxies
would allow for a precise determination of their redshifts. As an example, consider the
lensed, z ≈ 6 − 7, galaxy identified by Zheng et al. (2012). Its mAB ≈ 23.9 corresponds
to MAB ≈ −25.1 at z = 6.5 (the luminosity distance dL ≈ 63, 000 Mpc). According to
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equation (14), the spontaneously emitted 100 km s−1 wide H20α and H21α lines from such
a galaxy (the observing frequencies ≈ 102 and 88 GHz, respectively) should yield a flux
density of ≈ 6 − 7µJy. This will secure a S/N ≈ 5 in ≈ 3 hours of integration with the
ALMA C32-6 configuration. Reversing equation (4), we obtain the observing frequency
uncertainty |δν0| corresponding to the redshift uncertainty |δze|:
|δν0|
ν0
= 2
√(ze + 1
|δze|
)2
+ 1−
(
ze + 1
|δze|
) ≈ |δze|
ze + 1
. (22)
The approximate equality corresponds to |δze|  (ze + 1). Substituting ν0 ≈ 90− 100 GHz,
ze ≈ 6.5, and |δze| ≈ 1, we get |δν0| ≈ 13 GHz. This matches the maximum available
instantaneous passband of 16 GHz, which makes it possible, in principle, to detect both
lines within the same passband in a few hours of integration.
3.3. Adjustments due to non-Zero f 912esc , Dust Absorption, and Maser
Amplification
The above estimates of the flux densities due to optically thin spontaneous emission
in high-n hydrogen recombination lines may be affected by three factors: (1) the non-zero
value of the escape fraction of ionizing photons, f 912esc , in equation (14); (2) absorption of the
line radiation by dust within the galaxy; and (3) maser amplification.
The value of f 912esc is unknown, but as long as it is much smaller than unity, as observed
at low redshifts (Wood & Loeb 2000), the escape of the ionizing photons would not affect
significantly our estimates.
The most prospective, n ∼ 10, transitions have the rest wavelengths ∼ 102 µm.
Assuming, by analogy with the Milky Way, that the typical high values of the dust
optical depth for the visible light are ∼ 10 in the galactic plane or in dense dusty cocoons
– 14 –
surrounding H+ regions, and adopting the inverse power law for the drop of the dust
absorption efficiency with wavelength, the optical depth for n ∼ 10 lines must be  1.
Thus, we do not expect the dust to affect significantly the n ∼ 10 recombination line
luminosity of high-z galaxies either.
Based on the analysis of maser saturation by Strelnitski et al. (1996), we estimate that
possible maser amplification in any of the n ∼ 10 lines is limited by a factor ∼ 10. So, even
if masing does occur in some of these lines, it may improve the prospects of detection only
slightly.
4. CONCLUSIONS
We studied the prospects of detecting high-n hydrogen recombination lines from the
first-generation galaxies at z <∼ 10 with existing or forthcoming radio-astronomical facilities.
A blind search for such lines seems to be challenging even with the best existing and
planned facilities, such as ALMA, LOFAR, and SKA. However, some z  1 galaxies with
photometrically estimated redshifts may be detectable in n ∼ 10 lines with facilities like
ALMA, if they are amplified by gravitational lensing. The detection of radio recombination
lines from such galaxies would allow for a precise determination of their redshifts.
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